Music psychologists have established that some forms of musical activity improve intellectual performance, spatial-temporal reasoning and other skills advantageous for learning. In this research, the potential of active music-making for improving pupils' achievement in spatialtemporal reasoning was investigated. As spatial-temporal skills are considered to be high-level mathematical abilities, this study also aimed to explore if learning music might have an effect on pupils' achievement in mathematics, and whether spatial-temporal reasoning plays a role in this process.
Introduction
Music psychologists have established that some forms of musical activity might stimulate the improvement of intellectual performance, spatial-temporal reasoning and other skills advantageous for learning (Hallam, 2000; Hallam et al., 2011; Hallam, 2015; Rauscher, 2002; Schellenberg, 2004; Costa-Giomi, 1999; Graziano et al., 1999) . Many studies have concentrated on testing children's spatial-temporal skills. There is strong evidence that spatial-temporal reasoning can be improved by musical training, in particular rhythmic instruction enhanced the development of these skills (Rauscher et al., 1993a; Rauscher et al., 1997; Hetland, 2000; Rauscher and Zupan, 2000; Rauscher, 2003; Rauscher et al., 2005; Rauscher and Hinton, 2011; Hallam, 2015) . For example, in a series of studies, Rauscher explored the relationships between participation in a variety of musical activities and spatial-temporal reasoning, and the findings pointed to the rhythmic instruction having the most pronounced effect. There is also evidence that active engagement with music can improve intelligence. For instance, Schellenberg (2004) examined changes on an IQ test and a standardized test of academic achievement after a programme of musical activities. The findings showed a small increase in IQ in those groups who did keyboard or voice training compared to drama or control groups. When other cognitive abilities have been tested, for instance pictorial memory (Rauscher and Zupan, 2000) , spatial recognition (Rauscher et al., 1993b; Rauscher et al., 1997) and number recall (Rauscher and LeMieux, 2003) , there has been no significant improvement.
Several studies have assessed whether active engagement with music has an impact on mathematics. Gardiner et al. (1996) found that after seven months of supplementary music lessons, children had higher scores on standardized mathematical tests than control groups. Similar findings were established in a study where children were divided into four groups receiving keyboard and spatial-temporal training on the computer, computer training with English instruction, computer training or no programme at all (Graziano et al., 1999) . Rauscher and Zupan (2000) found that children who started keyboard lessons at the age of 3, scored higher on spatial-temporal and arithmetic tests throughout two years of training, and even two years after the instruction was terminated. More recently, Rauscher and LeMieux (2003) found that children who received keyboard lessons, singing training or rhythmic instruction, scored higher than controls in arithmetic tests, with the rhythm groups scoring higher on sequencing and arithmetic tasks.
A study by Neville and colleagues (2008) examined the differences in outcomes between four groups of preschoolers who participated in musical activities, attention-enhancing activities or no training. The authors expanded the range of musical activities used in the study. After eight weeks of intervention, which included listening to music, making music, moving to music and singing, a statistically significant change was recorded in numeracy for the music group and the group receiving training in enhancing attention. Children from the music group performed especially well in verbal counting and estimating magnitudes. Rauscher and Hinton (2011) studied children younger than 7 who had received music instruction and concluded that through the intervention spatial-temporal skills and numerical skills improved more in children who participated in music training compared to controls. The impact persisted for two years after the programme ended.
Although much of the academic literature points to the positive impact of participating in musical activities on learning mathematics, there are also examples of studies where such an effect was not observed. Two experiments by Rickard et al. (2012) revealed inconclusive results. The first was based on a music programme already existing in a school and involved students aged 10 to 13. Comparisons of drama, art and music groups showed greater improvement within the music group compared to other groups in a non-verbal IQ test but not in academic achievement. The second intervention was provided externally over six months and included a variety of musical activities. Three groups took part in the intervention: music, drama and another additional activity. Students from the music group achieved better results in mathematics but this effect was also observed in the drama group. Costa-Giomi (2004) studied children aged 9 to 10 who received three years of weekly individual piano lessons. Self-esteem and musical understanding were greater for the music group but their achievement in mathematics and English, as measured by standardized tests, was no different from the control group. Similarly, in a study by Rafferty (2003) no effect of the music programme on attainment in mathematics was observed. Yang and colleagues (2014) recorded a correlational relationship between the music training and mathematics but it did not appear to be causal.
Studies in this field have concentrated on children and attempted to establish at what age the impact might be most prominent. For instance, Rauscher et al. (1993b; 1997) found a positive enhancement of spatial reasoning in children as young as 3. Other studies (Costa-Giomi, 1999; Costa-Giomi, 2000; Graziano et al., 1999; Gardiner et al., 1996; Rauscher and Zupan, 2000; Rauscher, 2002, Rauscher and LeMieux, 2003; Schellenberg, 2004 ) involved children of preschool or early primary school ages. Their findings suggest that the earlier the training started, the greater the increase in spatial abilities. This raises the question as to whether there is an age limit past which such a relationship will not exist. The oldest children to participate in such research were 9 (Costa-Giomi, 1999; Graziano et al., 1999) . Their performance still improved after learning to play the piano or learning the keyboard, compared with computer lessons.
Spatial-temporal abilities are of particular interest in this study, as they may be a bridge between learning music and mathematics. Rauscher et al. (1993a) defined spatial-temporal reasoning as 'the ability to transform mental images in the absence of a physical model'. Spatialtemporal reasoning involves mentally imagining and manipulating shapes, often without the presence of physical objects. Spatial-temporal reasoning allows individuals to create mental imagery, develop patterns that can change in space and time, and visualize problems and potential solutions. Spatial-temporal skills are widely used in many levels of mathematical thinking, and their development is considered a strong predictor of achievement in mathematics in primary school and other stages of education (Jordan et al., 2008; Geist et al., 2012; Booth and Siegler, 2008) . From a very early age, these abilities are utilized not only in geometry, but in a range of mathematical operations, such as number sense and understanding mathematical operations, the ability to choose and use strategies in problem solving, creating internal representations of physical objects and manipulating them to find a solution, and the use of spatial structuring in determining and calculating quantities as a progression from counting unitarily (Geary, 1994; Carr and Hettinger, 2003; Siegler and Booth, 2005; Van Nes and de Lange, 2007; Ramani and Siegler, 2008; Van Nes and Doorman, 2011; Wade, 2011) .
With the reports of a positive effect of active music-making on spatial-temporal reasoning and spatial-temporal reasoning being instrumental in many mathematical operations, the current research sets out to explore the impact of participation in music on the development of spatial-temporal skills. This study aimed to investigate whether learning music might also have the potential to improve pupils' achievement in mathematics and whether spatialtemporal reasoning plays a role in this process. The possibility of the music programme affecting learning mathematics in other ways than through spatial-temporal reasoning was also considered. The research questions addressed in the study reported here were: does participation in music improve spatial-temporal reasoning; how, if at all, does participation in music influence learning in mathematics; and what is the relationship between spatialtemporal and mathematical skills?
Method and measurements
The study had a quasi-experimental design in which groups of children aged 4 to 7 participated in a music programme over a period of two years. These age groups were chosen because according to findings from previous studies, the most pronounced enhancement of skills was observed in younger participants of early primary school age (Graziano et al., 1999; Costa-Giomi, 2000; Rauscher and Zupan, 2000; Schellenberg, 2004; Hallam, 2015) . The pilot study involved 120 children from Year 1 (Yr1) and Foundation Stage (FS). The parents of the pupils were informed about the project and gave consent to their children's involvement. Within each of the two year groups, 30 randomly chosen pupils took part in the music intervention, while the other 30 made up the control group. In the main study this number grew to 178 pupils, with children from the pilot study continuing the music programme, and the additional children forming the new intake. At the beginning of each academic year, each year cohort was mixed and new classes were set so children were taught by different teachers. This reduced the potential bias related to being taught by a particular teacher. The intervention took place weekly during the school day. Sessions lasted 30 minutes and were delivered to groups of about 15 children. Pupils from the control groups followed their usual school timetable, with activities such as school assembly, ICT, group reading and role play. Table 1 presents the design of the study. To ensure the external validity of the study, the school chosen to participate in the project needed to be representative of English primary schools. Several criteria relating to the school's characteristics and academic attainment were taken into account. Data from the school were compared with national data. This included results from the SATs, which is a national test in English and mathematics sat by all pupils at the end of primary school (at 11 years old). Over 70 per cent of pupils from the participating school achieved Level 4 or above in both English and mathematics in 2011, which was very close to the national average of 74 per cent; 95 per cent of pupils reached the expected level of progress in English and 91 per cent in mathematics, compared to the national average of 89 per cent and 87 per cent. Numerical assessment of pupils' progress, which is moderated across England, showed an average point score of 28.3 at the participating school, as opposed to 27.6 nationally. The percentages of children with special educational needs and disabilities (SEND), children eligible for free school meals and persistent absence in the school were also very similar to national averages. The music programme created for the current study was built on findings from previous research. Most of this suggested that rhythmic activities have the strongest impact on spatialtemporal reasoning (Hetland, 2000; Rauscher, 2003; Rauscher and LeMieux, 2003; Rauscher and Hinton, 2006) and such instruction was at the core of the intervention. It also attempted to address the implications from a study by Hallam and colleagues (2009) that many teachers do not feel well prepared to lead music lessons, and that even a day of specific training can bring about a significant change in teachers' confidence and attitudes towards music. In a review of music education, Henley (2011) stated that music provision was inconsistent, and proposed a number of recommendations to improve the quality of music for all children. In view of these findings, the programme contained activities that could be implemented by primary teachers who were not specialists in music. The programme was suited to the circumstances of most primary schools, as it did not require any additional equipment, apart from widely available untuned percussion instruments, while its intensity was similar to music occurring in schools at present. Compliance with the requirements of the UK national curriculum ensured that the programme might be used in a wider educational context.
The intervention was focused on rhythmic instruction, with elements of singing, learning to read musical notation and creating music. Most units were based on well-known nursery rhymes, as teachers would be familiar with them and more confident in singing them in front of the class. The beats and rhythms of these songs were then reproduced by voice, clapping, stomping and on untuned percussion instruments, in groups and individually. This led to further rhythmic exercises, which included maintaining a steady beat; clapping and tapping rhythms; recalling and reproducing rhythms; creating rhythms within different time signatures; performing simple polyrhythms; using rhythmic patterns to create and perform simple structures such as rounds, ternary form and rondo; movement with rhythm; and playing untuned percussion instruments alone and in group arrangements. Children learned some musical terms and their meanings and elements of musical notation, and gained some knowledge of the science of sound. These weekly sessions were arranged during the school day, lasted 30 minutes, and were based in the music room.
Throughout the intervention, pupils' individual attainment in mathematics, reading, writing, music and spatial-temporal tests was recorded and compared with the same measurements for the control groups. Mathematics, reading and writing were assessed by the class teachers, while spatial-temporal and musical abilities were assessed by the researcher. Spatial-temporal reasoning was assessed in two ways -through picture and puzzle tests. The picture test consisted of four pieces of a puzzle, which needed to be put together to form a picture of an elephant. The picture was not provided, so the children had to create a mental image, rotate the pieces, and put them together in a particular order to complete the task. The puzzle test consisted of a set of colourful blocks, which needed to be ordered on a rectangular-shaped base as prescribed in the template. The time it took to complete both tasks was recorded in seconds and became the variables 'picture test' and 'puzzle test' respectively. In music, children were assessed throughout the year against a set of skills, and the sum of these scores was used in the analyses.
Pupils' results in reading and writing were used as a control for a possible Hawthorne effect. The assumption was that if statistically significant differences in performance between different groups were recorded in mathematics, but not in other areas of assessment (reading or writing), then it was likely that this was a result of the participation in the music programme, rather than just of involvement in any intervention. These scores also enabled an additional investigation into the possible causality between the intervention and the impact on attainment in mathematics. Apart from comparing the music and the control groups, data from reading and writing tests were used to further compare whether any statistically significant progressions for the intervention groups were existent throughout all areas of learning or were specific to mathematics.
Three sets of quantitative data were collected from the intervention groups. They were: performance on spatial-temporal reasoning, which children completed at the beginning of the programme and at the end of each year; data from teachers' assessments in mathematics, reading and writing at the end of each academic year; and data from the assessment of children's musical skills occurring throughout the school year. Only the first two sets of data were collected from the control groups, as they did not participate in the music programme. Although teachers knew which children took part in the intervention, the assessment and marking throughout the school was prescribed in much detail and scrutinized by internal and external moderation, which prevented any possible bias. The analyses were undertaken in three stages:
• The pilot study (which was the first year of the intervention).
• The main study (the second year of the intervention for the two older groups, and the first year for the group of 30 children new to the school in Foundation Stage).
• Scores combined from both years of the intervention divided into year groups: scores achieved while the children were in Year 1, and the results of the children from the Foundation Stage (FS).
Results
The purpose of this study was to explore the potential effect of participation in music on the development of spatial-temporal skills, and to examine whether learning music might lead to improvement in pupils' achievement in mathematics. The research also investigated whether spatial-temporal reasoning played a role in the relationship between music and mathematics. The possible impact of the intervention on spatial-temporal reasoning and mathematics was investigated by the analyses of the results in both of these areas and comparisons of the differences between the music and control groups. The examination of the scores in reading and writing provided further information about the causational nature of the above impact and served as a control for the Hawthorne effect.
The effects of participation in music on scores in spatial-temporal tests
Pupils' spatial-temporal skills were tested individually at the beginning of the intervention and at the end of each academic year. Because the level of difficulty changed for each year group, these results were analysed separately for each class. Once the scores in spatial-temporal tests were considered, the intervention groups achieved greater results than their peers in one or both spatial-temporal tests in all but one assessment in all periods of measurement.
To check whether these differences between groups were statistically significant, independentsamples t-tests were conducted for all times of assessment. The results showed that there were no statistically significant differences between groups at the beginning of the intervention. Statistically significant differences at the end of the year were recorded at the end of the pilot study, when the FS music group outperformed their peers in the puzzle test t(59) = 2.697, p = .01. Statistically significant results were also recorded for both music groups for the puzzle test, once the results were combined from both years of the study, with t(118) = 2.473, p = .015 for the Yr1 group, and t(117) = 2.052, p = .042 for the FS group. This was followed by the analyses of the differences in progression, to investigate the possible effect of the music programme on children's spatial-temporal skills. To assess the impact of the intervention versus belonging to the control group over time, a repeated measures analysis was used. These analyses were undertaken for the different age groups in different areas of measurement, across two time periods (Cramer and Howitt, 2004; Tabachnick and Fidell, 2001) . Table 2 summarizes the outcomes of these analyses for the picture and puzzle tests at different points in the study. For the picture test, a greater change of scores for the intervention groups was statistically significant in all periods of measurement for the FS groups and in the pilot study for the Yr1 class. For the puzzle test, statistically significant greater progression for the music groups was recorded in all periods of measurement for the Yr1 groups and in the pilot study and the combined results for the FS groups. These occurrences are marked grey in the table. The strength of these relationships was stronger for the picture test and weaker for the puzzle test, in particular once the combined scores were considered. 
The effects of participation in music on attainment in general mathematics
The differences between groups, pre-and post-intervention, were also analysed in mathematics. The results of the independent-samples t-tests showed that at the beginning of the programme, the Yr1 music group achieved statistically significantly lower scores (t (57) = -2.063, p = .044 (two-tailed)), but at the end of the intervention no such differences between groups were observed. However, the magnitude of this difference was not substantial enough to make it statistically significant in repeated measures analysis. In the main study, there were no statistically significant differences pre-intervention between any of the groups of respective ages. By the end of the year, the FS music group statistically significantly outperformed their peers (t(57) = 2.164, p = .036). No other statistically significant differences pre-and post-intervention were recorded in mathematics.
Further analyses investigated the differences in progression between the groups. To investigate the impact of belonging to the intervention versus the control group over time in mathematics, a repeated measures analysis was used for the different age groups pre-and post-intervention. The results of these analyses showed that statistically significantly greater progression was recorded for the children from the youngest intervention groups in two out of three periods of measurement, compared to their peers from the control group. The effect size was moderate for the youngest group in the main study (p = .032, partial eta squared = .079) and smaller for the combined group of all children from Foundation Stage who took part in music lessons (p = .035, partial eta squared = .037). The results of the analyses at different points in time are set out in Table 3 , and the statistically significant cases are marked in grey. 
Changes in scores for the intervention and control groups in reading and writing
Similar repeated measures analyses of progression between the music and the control groups were undertaken for scores in reading and writing at each of the periods of measurement. These analyses served as a control for a possible Hawthorne effect. The results showed that there were no statistically significant differences between groups in writing at any point of the study. The statistically significant change of scores in reading was greater for the FS music groups in the pilot study (p = .001, partial eta squared = .208) and, once the combined results from both years of the study were considered (p = .003, partial eta squared = .071), with strong and moderate effect sizes respectively. It was also the case for the Yr2 class in the main study (p = .019, partial eta squared = .092). As the statistically significant differences are not aligned with these in mathematics, it can be assumed that the impact of the programme was not a Hawthorne affect. The results of these analyses are presented in Table 4 . 
Discussion
Previous investigations have provided compelling evidence that actively making music develops a variety of abilities in participants. The enhancement of spatial-temporal skills was observed in several studies, and the current research set out to further examine this phenomenon and establish the possibility of its causational nature. As these abilities are considered to be highlevel mathematical skills (Shaw, 2000; Gunderson et al., 2012) , a hypothesis was proposed that through a positive impact on spatial-temporal reasoning, it is possible that participation in the music programme would have an effect on learning mathematics. As the participation in this intervention was likely to have been beneficial to pupils, it was decided that the music programme should be created, to enable it being used in a wider educational context. Adversely to previous studies, which used expensive resources or professional musicians, this intervention was accessible for primary teachers who are not music specialists, and was designed to support the development of their music-teaching skills.
The results from the current study supported the hypothesis that actively learning music has a positive impact on the development of spatial-temporal skills. Statistically significant differences between the intervention and the control groups, with the greater achievement in the music groups, were observed at the end of each academic year for the puzzle test. This was an activity that required more complex spatial-temporal reasoning. When the change in scores for the spatial-temporal tests was analysed and compared between the music and the control groups, greater progression was recorded for the intervention groups and most of these differences were statistically significant with moderate or strong effect sizes. In the pilot study, a statistically significant change of scores in both spatial-temporal tests were recorded for both the FS music and Yr1 music groups. In the main study, both of the younger groups achieved statistically significantly greater progression in one of the tests. The combined results showed that progression, in both music groups in one or both tests, was statistically significant and greater than that for their control peers. These findings support the proposition that participation in music has an impact on the enhancement of spatial-temporal skills.
Throughout the study, the performance of groups of children who took part in the music programme was compared with the control group in the area of general mathematics. Findings from the analyses showed that in mathematics the interaction between participation in the music programme and academic achievement was less clear than the impact on spatial-temporal reasoning. There were some statistically significant differences between the intervention and the control groups in the pilot study, where the Yr1 music group started the year with statistically lower results and after a year of the intervention the difference between groups was no longer statistically significant. This change was not pronounced enough to be confirmed in the repeated measures analysis. Within the youngest groups, however, the intervention groups consistently achieved greater progress than their peers. These results were statistically significant for the FS group in the main study and the FS group once the results from all FS groups were combined. This effect was more marked in the younger children, supporting the findings from the previous studies that the earlier children start music instruction, the more pronounced an impact it will have on their development (Hetland, 2000; Rauscher and Zupan, 2000; Rauscher, 2003; Rauscher and Hinton, 2011; McDonel, 2015) .
The current study investigated whether the impact music had on the advancement of spatial-temporal skills contributed to the development of mathematical thinking. The analyses revealed cases where the intervention groups were better than the controls in spatialtemporal tests, but not in mathematics, especially in the groups of older children. This suggests that the relationship between active participation in music and the learning of mathematics is more complex than a general effect on academic attainment. In all cases where a statistically significant difference was observed in mathematics, the differences for the same groups were also statistically significant in spatial-temporal tests, which supports the hypothesis that spatial-temporal reasoning plays a mediating role in the relationship between learning music and mathematics. These findings might be related to the age of children and confirm the previous findings that the development of spatial-temporal skills is more distinct in younger children. This might also be true of the enhancement of mathematical skills. It is also possible that the development of spatial-temporal skills had an impact on specific mathematical skills rather than on the overall scores in mathematics. To investigate this proposition, throughout the duration of the study supplementary data related to specific mathematical and musical skills were collected. The analyses of these results are being prepared for publication and they will provide further examination of these correlations.
The results of the current research supported the hypothesis that active participation in the music programme had a positive impact on learning in mathematics, but it was important to establish if this was an effect of this music intervention specifically or the presence of any intervention. To further explore this possibility, pupils' results in reading and writing were also collected throughout the study and analysed. While participation in the music intervention influenced some scores in mathematics and in reading, only one of these statistically significant results occurred for the same group in the same periods of measurement. This, and the fact that no statistically significant effects were observed in writing, suggests that the effect was specific rather than general, and it is likely that there was a causal relationship between the musical instruction and achievement in mathematics. These differences also suggest that the music programme positively enhanced pupils' reading skills, which supports findings from previous studies (Good et al., 2002; Standley, 2008; Elliot and Mikulas, 2014; Long, 2014) . The fact that there were no statistically significant differences in progression in writing between the intervention and the control groups is an unexpected finding of this study. It contributes to rather limited literature describing the influence of music on writing skills, which is inconclusive: two studies suggest a positive enhancement (Register, 2001; Register, 2004) and another one found a negative effect (Rickard et al., 2012) .
This project was not without its limitations. For a quantitative study, the research had a relatively small sample, which on occasion limited the statistical analyses that could be undertaken. The sample size was, however, appropriate for comparisons to be made between the intervention and control groups. The form of assessment in school subjects was different in Foundation Stage classes from that in Year 1 classes, which meant that the results had to be analysed separately, leading to decreased sample size. The programme was limited to using predominantly rhythmic instruction. A conscious decision was made regarding this, as previous research suggested that rhythm was most effective in developing spatial-temporal skills. The intervention was intentionally simplified in terms of the musical skills required from the teachers, while potentially a more advanced musical approach might have had a more distinct effect. However, enabling non-specialist music teachers to implement the activities in their lessons was considered an important outcome. Also, incorporating teacher-led assessment, driven by the national curriculum, was an important element of the project. It was considered that this might enhance the validity of the research, as the assessment was undertaken by objective professionals not related to the project, and facilitate the replication of the study in other educational settings. The continuous internal and external moderation of these assessments additionally ensured objectivity and reliability.
The intervention used in the current study was created not only to investigate the possible impact of music on mathematics but also to propose a music programme accessible for primary teachers who are not music specialists. At the moment, many teachers are not comfortable teaching music. Limited training time and the broad requirements of the curriculum, which can be open to interpretation, make it difficult for non-specialist teachers to access programmes to study, let alone to teach confidently. Teachers are not prepared to plan for progression in music, and struggle with assessing pupils' competencies. All these issues are addressed in this music programme, and further research is required to investigate whether such a programme delivered by teachers on regular bases, not just as an intervention, would still be beneficial for the learning of mathematics.
As the sample in the current study was restricted to one school, it would be beneficial to obtain more data and enable more detailed analyses from a study based on similar methodology with a larger number of pupils from different areas of the UK. In this project, the impact of the intervention was greater in younger children and it would also be advisable to create a simplified version of the programme to use in FS3 and FS2, and to examine the outcomes for these pupils.
To conclude, the findings of the current project supported the previous findings about the impact of music instruction on the development of spatial-temporal skills. In most of the intervention groups, a statistically significantly greater progression was observed as compared to the control groups. In addition to earlier studies, this research also explored the possibility that the enhancement of spatial-temporal reasoning facilitates the learning of mathematics. The attainment in general mathematics did not always differ between the intervention and control groups, but there was a consistent and statistically significant enhancement in learning mathematics between the youngest participants of the programme. This knowledge could inform pedagogical practice, while further research in this area, following the potential directions indicated above, could offer more insight into the association between music and mathematics.
Notes on the contributors
Dr Sylwia Holmes is a research associate at the UCL Centre for Holocaust Education. Her work concentrates on the impact learning about the Holocaust has on students. She has 20 years of teaching experience, with specialism in music and physical education. Her doctoral work examines the impact of participation in music on learning mathematics in young children.
Susan Hallam is Professor of Education and Music Psychology at University College London. She is author of numerous books, including Instrumental Teaching: A practical guide to better teaching and learning (Heinemann, 1998 ), Music Psychology in Education (Institute of Education, 2006 , Preparing for Success: A practical guide for young musicians (Institute of Education, 2012) and The Power of Music: A research synthesis (iMerc Press, 2015) .
